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Effects of sounl fields on the flow boundary layer on a flat 
plate subjected to a parallel flow are studied. The boundary 
layer is influenced by controlling the stagnation point flow 
at the front edge of the plate. Depending on the Reynolds 
number and sound frequency, excitation or suppression of 
turbulence is observed. Mecisurements were taken at wind 
velocities between 10 and 30 m/sec and sound frequencies 
between 0.2 and 3.0 kHz. 
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STUDIES OF ACOUSTIC INFLUENCE ON A FLOW 
BOUNDARY LAYER IN AIR 

_ . „ ^ , F * Mechel and W. Schilz 

Third Physical Institute of the University of Gottingen 


Summary / 325 

The effects of sound fields on the flow boundary layer on a 
flat plate subjected to a parallel flow are studied. The 
boundary layer is influenced by controlling the stagnation point 
flow at the front edge of the plate. 

Depending on the Reynolds number (wind velocity) and the 
sound frequency, an excitation or suppression of boundary-layer 
turbulence is observed. 

The measurements were taken at wind velocities of 10 to 30 
m/s and sound frequencies between 0.2 and 3.0 kHz. 

1. Introduction 

The possibility of acoustically influencing flows has been 
known since the experiments on sound-sensitive flames first 
conducted by LeConte [1] in 1858. Those and subsequent studies 
on this problem involved the effects of sound fields on the 
development of turbulence in a free jet. (A list including the 

most important literature appears in a publication of Chanaud and 
Powell [2].) 

The present paper provides some investigations of acoustic 
influences on the plate boundary layer, with the interaction 
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between sound field and flow occurring in the stagnation point at 
the front edge of the plate. At various sound frequencies, both 
an excitation and a suppression of turbulence are observed. 

V 
V* 

V 0 

v 

X 

y 

A 

u = 2nf 

t 

k » (/9+jor) 

s 

s* 

b 

2. Measurement Setun 

Acoustic influence on boundary layers was studied in a wind 
tunnel with a free cross section of 10 cm x 10 cm. To obtain an 
untrammeled flow in the test section, the air flow, supplied by a 
radial blower, was first cleared of interfering noise in a noise 
damper, and then passed through a turbulence smoothing section 
and a contraction horn (ratio 25:1) to the test section. The 
degree of turbulence of the free flow in the test section is less 
than 5 x 1G“ 4 in the velocity range betv.’een 5 and 30 m/s. The 
test section concludes with an 2* diffusor. 

2 . 


Symbols 

Flow rate 

Flow rate in outer flow 

Flow rate before stagnation point 

Alternation velocity 

Position coordinate in direction of flow 326 < 

Position coordinate perpendicular to direc- I 

tion of flow, f 

x = y = 0: stagnation point. 

Sound alternation amplitude at stagnation ; 

point i 

Angular frequency 
Time 

Complex wave number 

Boundary layer thickness • 

Displacement thickness : 

Kinematical viscosity 5 

Parameter of stagnation point profile 1 




The structure of the test section is diagrammed in Fig. 1. 
The channel is divided into two equal halves by a horizontal 
plate 3 mm thick. The front edge of the plate is rounded with a 
radius of curvature of 1.5 mm. Under the front edge is the 
gauze-covered inlet for the sound signal, generated by a 12 w 
pressure chamber system. 

Fig. 1. Diagram of 
measurement setup. 

Key: a. stagnation point 

b. coordinates 

c. smoothing section 

d. loudspeaker 

e. measurement plate 

Two hot-wire anemometers (DISA constant temperature anemo- 
meters) , which can move vertically and horizontally, serve to 
measure the flow and the boundary layer perturbations. 

3_j Approximations for Profile Control 

A sound signal superposed on the flow influences the 
development of the flow boundary layer along the plate, by 
controlling '.he stagnation point profile at the front edge of the 
plate. Since the arrangement in the vicinity of the stagnation 
point selected here primarily produces a vertical particle 
velocity, sound and flow can easily be superposed. The distribu- 
tion of velocities with a fixed x coordinate ahead of the 
stagnation point x.s approximated by the following equation: 

v r 7"* ' (I) ' 

1 *r o y- 

Figure 2 shows good agreement between the measurement points and 
the velocity profile thus calculated. 

The 1 .near superposition of a particle velocity in the y 
oirecticn is introduced j.n Eq. 1 by replacing y with (v + 
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Fig. 2 . Measured velocity 
distribution l mm ahead of 
stagnation point, compared 
to calculated approximation. 


° 0 ° measurement points 

curve calculated 

with Eg. (l). 



A sin w t) , where A is the sound 
this we get: 


alternation amplitude. 
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Here the alternating velocity induced by sound control if 
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This alternating velocity contains both the frequence „ and the 

. “ 2 “- Both components decrease rapidly as v 

increases. They are United to the innediate vicinity ol the 
- agnation point. In the transition fron positive to negative y 
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vaxues, the phase of the fundamental jumps 180* while that of the 
harmonic remains constant. 


The superposition of these two components generates period- 
ically occurring rotational fields at the stagnation point, whose 
po ns of rotation are not in the plane y =■ o. Figure 3 shows a 
on of the profile of the alternating velocity under Eq. ( 4 ) 
for the two phases „t - n/2 and 3 */2. In each period a laevo- 
rotational field is generated above and a dextrorotational field 

3 gene y ated below the line y - 0. These rotational fields can 
now excite vortices which then, depending on the position of the 

centers, are guided along the top or bottom of the plate and help 
form boundary layer waves. 1 


Fig. 3. Development of 
rotational fields in the 
stagnation point by 
acoustic superposition. 

Key: a. alternating 
velocity 
b. wavelength of 
perturbation 



Figure 4 shows a comparison of the alternating velocity 
calculated by Eq. (4) with the measured velocity distribution 
a ead of the stagnation point. The calculation is based on the 
experimentally determined stagnation point profile (Fig. 2) . The 
solid line is calculated; the points are measured values. The 
values were derived from the total alternating velocity by 
subtracting the particle velocity (the amplitude and direction 
distribution of the particle velocity was measured in still air) . 
The amplitude factor A appearing in Eg. (4) was determined by 
measurement. The approximation condition is satisfied by: 
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Fiq. 4. Measured and 
calculated amplitude of 
alternating velocity 1 mm 
ahead of the stagnation 
point. 


} measured 
calculated 


Key: a. alternating 
velocity 



The relatively poor agreement between the absolute values 
for 2f and the measurements may be due to the imprecision of the 
approximation equation (1) at the origin. The phase distribution 
of the components f and 2f expected from calculation was con- 
firmed by the measured results. 


When two sound signals of different frequencies are super- 
posed with the stagnation point flow, because of the nonlinearity 
of the controlled profile, the sum and differential frequencies 
appear in addition to the harmonics. In the calculated approxi- 
mation, the superposition of two frequencies is considered by the 
formulation: 

V V 

V = v , - ~ n: 0 ( r ) 

w 1 r b (.ij sin u) x t + An sin <>u t-+-y)~ * ; 

and as above we get for the alternating velocity: 


ir~-v 0 )b ,, . , . , . 

— J cos 2 u) l t -f At 2 ~ cos 2 co., t) 4- 

H- -*/i A 2 [cos(vj 1 ~ a>,) { — cos(ojj 4- cj 2 ) r] } . (6) 
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4-i Acoustic Excitation of Boundary Laver Wave s 


In the transition from a laminar to a turbulent flow 
boundary layer, boundary layer waves develop whose amplitude 
increases with the distance traveled. These unstable boundary 
layer waves are the cause of developing turbulence in the 
boundary layer. This problem was first treated theoretically by 
Tollmien and Schlichting [3]. The calculations solved the 
Navier-Stokes equations for incompressible flow with the boundary 
conditions of the flow boundary layer and the perturbation 
formulation for the boundary layer waves: 

y(x.y,t) **<p(y) ek"' - **) 

-<p{y) c-M+b)* eJ"' (7) 

1223 . 

Here k is the complex wave number p + j Q and u is the angular 
frequency of the perturbation. From the definition of the 
current function, it follows that the alternating velocities v x 
and Vy are: 

«, d 'Jl = °'L C J M-kr- 
' . ay °y 

i-y“ - = j k<f(y) . 

or 

With a given frequency w and a Reynolds number /?*«—“'- 
(6* = displacement thickness; u - kinematical viscosity), one 
gets from the calculation the wavelength and amplitude coeffi- 
cient of the perturbation. The additional requirement a - o 
yields the curve of neutral stability separating the regions of 
stable and unstable boundary layer waves. Only boundary layer 
waves with frequencies in the instability region (a > 0) cause 
turbulence. 

The same conditions also apply for the boundary layer waves 
generated by sound control at the stagnation point. An amplifi- 
cation can only be expected if the frequency and Reynolds number 
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. 0 i 0 “> n o. VelOCity) S ° S0lected that th0 “Plitude coefficient 


To study this behavior, the alternating velocity wa- 
raeasured a short distance above the plate, !sing the hot-vire 

a "direct! r* T an "°“ t “ “ “™< •* * constant speed in the 

1 The profil thr<!e V ° l0Clty co " ponent = ore superposed: 

, Pr ° file oontr ° 1 « Che stagnation point 

e velocity of the boundary layer wave 
3 • Tho particle velocity. 

Outside the stagnation point, only components 2 and 3 

L th : h pha r veio=ity ° f 

of the speed of sound r- 05 cnan 

ound c 0 m the measurenent region) Th«> 

vTocrr.: £ fr: h :: rrr iaads to a ~ - - 

m wnicn at the knovm speed of sound o +.u„ 

oxponant * ° £ tha b °~ V 

Fig. 5 . Excitation of 
boundary layer waves by 
acoustic superposition. 

Tne measurement curves 
show the superposition 
of the particle velocity 
on the velocity of the 
boundary layer wave, which 
increases sharply at hiaher 
wind velocities, f - i?s ^ 2 . 
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■ Fi ^ ure 5 E hows recordings of such velocity distributions 
The frequency is chosen so that as the wind Jlooit XTZ 

TT:\T: 7* b — — *>* **. unstable *£ZZt e 

offset from''oach';therr“ th " 10ally ' in * lv1 *** «•««« «• 

As was shown in Section 2 , with control by two signals of 


different frequencies, the sum and differential frequencies also 
appear. If for example the frequencies f^ and f 2 are selected so 
as to lie above the instability region, but the difference Af is 
in the instability region, then only one boundary layer wave with 
the frequency Af proceeds from the stagnation point. From Eq. 

(6) one expects the velocity of the differential frequency wave 
to be proportional to the product of the amplitudes of f^ and f 2 
(Ai and A 2 ) . For an amplitude range 20 log ^iA 2 >40 dB, this 
relationship was confirmed (with an accuracy of ± 3%) . 

To verify all boundary layer waves of the mixed products as 
generated with stagnation point control, a short traveling 
section with a pressure increase was set up behind the stagnation 
point, where all the boundary layer perturbations were greatly 
amplified. Thus even the higher products assumed measurable 
amplitudes. Table I shows the boundary layer wave frequencies 
thus verified, in Hz: 


Table I 

Calculated and measured boundary layer waves 


Key: 
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a. kind of wave b. wave frequencies 

c. calculated d. measured 


5. Suppression of Turbulence 


Above it was shown that sound control at the stagnation 
point can excite boundary layer v/aves and thus increase boundary 
layer turbulence. Moreover, by beaming in a sound signal at a 
frequency above the instability region, it is possible to 

9 
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suppress perturbations arising from the stagnation point, and 
thus force a laminar form of the boundary layer. /329 

The perturbation of the flow toward the stagnation point, 
which leads to a turbulent boundary layer on the measurement 
plate, was induced at low wind velocities by an obstacle in the 
lower part of the channel; at higher wind velocities, an insta- 
bility of the stagnation point flow developed spontaneously. 


To study the effects of sound irradiation upon the develop- 
ment of the boundary layer, the following variables were used: 

1. The position of the transition point, 

2. The degree of turbulence of the boundary layer at a 
fixed point x, 

3. The amplitude exponent of the perturbation in the 
laminar-turbulent transition region. 

The dependence of these values upon the frequency and amplitude 
of the sound signal, wind velocity and size of the preceding 
perturbation was studied. 

It developed that above a certain frequency (which depends 
on wind velocity) , perturbation is suppressed more and more 
strongly as the signal amplitude increases. At low perturbation, 
complete suppression can be achieved. Figure 6 shows an oscil- 
lographic photo of this turbulence suppression. At time t 0 , the 
sound signal was switched on. The turbulence jumps disappear 
almost completely. 

Fig. 6. Turbulence suppression 
by sound irradiation (screen 
photo of turbulence velocity) . 
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r0SUltS 0btain£,d by the various measurement methods 
given above were in agreement. 


F ig» 7. Change in amplitude 
exponent of turbulent flow 
with superposition of a sound 
signal with frequency f. 

Key: a. change in amplitude 
exponent 

b. signal frequency 
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Figure 7 shows the change in the amplitude exponen. of . he 

.* -rr ti0 " in tl '° translti °" region, as induced bv 

velocity ^ l "' “ lnd V ° l0Clty ^ 10 «• Petiole 

, C "* for aU ^tsgsencies. Throe regions arc 

amplified ?' ^ th ° range perturbation i, 

plifiod. Hera, as explained above, tho sound irradiation 
generates boundary layer waves th-, 1 - **,„•, „ n 

tion i ' h ar “- Dlif y tho natural perturba- 

ion. At low frequencies the sound field has no influence on no 

development of turbulence. At frequencies above the erc'tatlor 

greltlv TT° r d anPUtUd<! «* ^e perturbation is ‘ 

dB/cn c ! tUrfculo "= B 1= suppressed. The change of 

/ ■ or. expends to complete suppression. 

In comparing the boa: daries of the instability region in 
Fig. 7 with the theory, tho exact course of tho outer flow -u-t 
he tahen into account. In the present case the cuter tlZ 
presents a Slight pressure increase. From the change in t>-e 
middle velocity du„/dx and in the boundary layer thicb„«n B ' , on „ 
gets a orofile parameter .2 <ffl, o; ca ^ ^ 

e agreement, with theory is satisfactory f 4 ]. 


tho same considerations apply for the measurements i„ P <, 

^™, 9raPh '. the b0Urdarl0!! ° f «» nation and turbulence 
-upp-c-sion regions for the wind velocity range 10 to 70 

(He - <00 to 1000, . Here too tho Particle velocity in ccnLtaff 




Fig. 8. Frequency ranges 
of turbulence amplification 
and suppression. 

Key: a. signal frequency 

b. suppression 

c. excitation 

d. neutral stability 





for all velocities and frequencies (the dotted lines in the 
suppression region give the change in the degree of turbulence at 
a fixed location x) . The difference in the stability boundaries 
in Figs. 7 and 8 results from a different measurement setup. 

Insight into the mechanism of turbulence suppression is 
provided by the studies in which an instability in the stagnation 
point flow was produced by increasing the wind velocity. Here 
positionally fixed vortices developed ahead of the front plate 

edge, and acted as starting points for boundary layer perturba- 
tion. 


This perturbation was measured precisely with two hot-wire 
anemometers, and the spatial phase and amplitude distribution was 
determined. These measurements showed that these are position- 
ally fixed vortices. The fundamental frequency of this perturba- 
tion plus the velocity of the outer fJov and the diameter of the 
rounding of the front plate edge yields a Strouhal number 

Str » 0.21 ± 10%, 

which at the present Re numbers is concordant with values in the 
literature . 





9. Frequency chance 
or natural vortex due to 
acoustic superposition 
(cntrainnent) . 

Key: a. frequency ratio 

b. signal frequency 

c. signal amplitude 



Fig. 10 . Suppression of 
natural vortex due to 
superposition of a sound 
signal of vary different 
frequency. 

Key: a. perturbation 
amplitude 

b. signal amplitude 





liq. 11. Development of 
turbulence in direction of 
fu.ow with and without 

acoustic superposition, 
x *= 0 : stagnation point, 
signal frequency 4 kHz. 

Key: a. degree of 
turbulence 

b. without sound 

c. with sound 



*5 3 ° OUnd Si -' al ls n °” superposed on this natural vort 
a synchronization of the vertex is observed if the sound fre- 

ZT, t T , V ° rteX fre<3UMC1, are together. As the sound 

amplitude increases the vortex frequency approaches closer an, 

oser o that of the sound signal (Fig. o, f 0 io the sivnal 
frequency,. At a greater frequency separation of the 
perturbations, no further synchronization occurs. 1IO w t-o 
natural perturbation is completely suppressed, if the artMtuc 
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of the sound signal is groat enough. (Fig. 10 shows the decrease 
in the intensity of the natural vortex as the signal amplitude 
increases.) If the sound frequency is above the instability 
range, the cause of turbulence in the boundary layer is thus 
eliminated and replaced by a non-critical perturbation. This 
shifts the transition point to higher Re numbers (or longer 
distances traveled). Finally, Fig. 11 shows an example of 
turbulence suppression. This is a level recording of the degree 
of turbulence 0.5 mm away from the plate surface as a function of 
the distance traveled x (x = 0 is the front edge of the plate) . 
While a steep increase in turbulence occurs at x = 3 cm without 
sound superposition, with sound superposition the boundary layer 
remains laminar. The degree of turbulence increases only slowly 
(1 dB/cm compared to 12 dB/cm without sound signal) . The 
distance traveled from the start of the plate to a completely 
turbulent boundary layer is five times as great with sound 
superposition. 


This work was performed under Contract No. AF 61 (052) -666 
AFSC, European Office, Office of Aerospace Research, United /331 
States Air Force, Brussels. 

The authors wish to thank Prof. E. Meyer for his supportive 
interest in the work. 
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